Spiralling health-care costs and the vast amounts of energy needed to support our data-heavy lifestyles are major challenges for a rising global population with limited resources. At the same time, we have access to technologies that require advanced materials and sophisticated chemistries. Many of these technologies rely on signal transduction and have become more energy and space efficient, as well as sensitive and specific, through miniaturization to the nanoscale. A promising candidate, which has been mostly an academic pursuit over the past decade, involves metal nanoparticles that support localized surface plasmon resonances (LSPRs).
. Surface plasmon spectroscopy is a versatile platform for chemical and biological molecule detection and is currently applied in catalysis, microfluidics and lateral flow assays. However, a major limitation is that fabrication of plasmonic nanoparticles is usually carried out in solvents. Although this provides a homogeneous medium for reproducible and scalable synthesis (that is, from milligrams to kilograms), the application of plasmonic nanoparticles is often hindered by difficulties in processing them to create more user-friendly materials.
A way to overcome this difficulty in processing plasmonic nanoparticles is to disperse them in polymeric materials to form plasmonic polymer nanocomposites. Because polymers can exhibit a wide range of mechanical properties, they are a robust and tunable substrate for sensors. Although spectral changes in the nanoparticle form the basis for signal transduction, the polymer substrate is not inert and can serve various functions. For example, it may serve as a molecular filter, which can selectively allow egress of specific molecules into the substrate depending on their size, shape or hydrophobicity. A second role of the polymer is that it can prevent aggregation of the nanoparticles, which is an ever-present problem in solution-based spectroscopy. Third, the polymer can allow sensing at elevated temperatures or pressures not accessible in aqueous-based assays, and a porous polymer is much better suited to gas sensing than liquid-based sensors. A fourth potential advantage of a polymer-based plasmonic sensor is that it can respond to mechanical stresses, such as shear or compressive stresses.
The development of plasmonic polymer nanocomposites has accelerated over the past decade, motivated by extensive research into the optical properties of metal nanostructures 2, 4, 5 . Metals with free-electron plasma behaviour exhibit unique optical properties, which are mainly determined by the collective coherent oscillations of their conduction band electrons upon excitation with visible and near-infrared (NIR) light 1, 6 . When the metal dimensions are on the nanometre scale (that is, much smaller than the wavelength of incoming photons), plasmon oscillations are strongly confined and generate intense electromagnetic fields at the metal surface, which are greatly enhanced relative to the electromagnetic field of the incident light. This results in strong light absorption at well-defined frequencies, termed LSPRs. The LSPR frequency is determined by the size and shape of the nanoparticles and by the dielectric function of the metal and the surrounding medium 2, 7, 8 . Surface plasmons can decay radiatively via re-emission of photons (resulting in enhanced elastic scattering) or non-radiatively via excitation of hot electrons (converting absorbed light into heat). In the latter case, heat is usually transferred from the nanoparticle to the environment through phonon−phonon interactions on a timescale of ~100 ps, giving rise to an increase in the temperature of the surrounding medium 9 . Both decay mechanisms render metal nanoparticles excellent absorbers and/or scatterers of light. In fact, the extinction (absorption and scattering) cross sections of Au or Ag nanoparticles are several orders of magnitude larger than those of standard organic dyes 10 .
It is now straightforward to design and fabricate high-quality metal nanoparticles with tailored optical properties (that is, optimized absorption and/or scattering coefficients and narrow LSPR bands). In particular, plasmonic nanostructures with high absorption cross sections are desirable for photothermally induced processes, such as cancer therapy 11 and drug and gene delivery 12 , as well as for the fabrication of soft actuators 13 or in the fields of photocatalysis and plasmon-assisted chemistry 14 . By contrast, nanoparticles with high scattering efficiency are used in imaging of biological systems 10, 15 , in sensing applications based on refractive index changes 16 or surface-enhanced Raman scattering (SERS) [17] [18] [19] , and in colour generation and data recording 20, 21 . Four different approaches have been developed to fabricate polymer nanocomposites ( Fig. 1 ): polymer matrix formation in a nanoparticle suspension, nanoparticle incorporation into a preformed polymer matrix, in situ nanoparticle formation within a preformed polymer and polymer matrix formation driven by functionalized nanoparticles 22 . In general, the intended application of a polymer nanocomposite determines the fabrication route. For example, in the case of fabricating plasmonic polymer nanocomposites for applications requiring well-defined or modulated plasmonic responses, an approach based on in situ nanoparticle synthesis would be out of the question. If the role of nanoparticles in the polymer nanocomposite is to enhance the mechanical or thermal properties, then approaches involving covalent bonding between the nanoparticles and polymer matrix are more suitable. In this emerging field, there is still much to be done in the control of nanoparticle-polymer interactions by design and in the development of prediction models for the properties of polymer nanocomposites.
Plasmonic polymer nanocomposites are fundamentally different from other polymer nanocomposites, in which the incorporation of nanomaterials is typically intended to reinforce their structural or mechanical properties 23 . Plasmonic nanoparticles are embedded in polymers at low volume fractions with the aim to add optical functionality or optical responsiveness to the material without significant alteration of its mechanical properties. As the optical properties of metal nanoparticles are highly sensitive to their environment, nanoparticle aggregation and dispersion are key challenges for the fabrication of solid-state composites. The dispersion of metal nanoparticles in rigid polymers has been discussed in detail by Heilmann 24 . A more versatile system is composed of metal nanocrystals embedded in porous, soft hydrogel matrices because of their capacity to respond to certain physical triggers (such as temperature, light, ultrasound and magnetic fields) or to chemical triggers (such as specific molecules, pH and ionic strength), rendering these materials of interest as soft actuators, as therapeutic and biosensing platforms or even as catalysts 25, 26 . Interestingly, the combination of these smart hydrogels with other materials, such as functional additives or nanoparticles, adds synergistic benefits to the composite system 25, 26 . Plasmonic nanoparticles have influenced many research fields, and there are promising start-up companies based on plasmonic materials. For example, Nanospectra Bioscience is a medical device company that has pioneered the use of plasmonic nanoparticles for the selective and precise photothermal ablation of solid tumours; LamdaGen Corporation is a nano-based technology company that creates LSPR biosensors for precise and rapid human and animal diagnostics, food and beverage safety, and water and environmental contaminant monitoring.
Applications continually emerge owing to simultaneous advances in the modulation of the surface chemistry, (bio)functionalization and self-assembly of plasmonic nanoparticles, as well as their combinations with other materials. The resultant hybrid nanostructures not only mitigate the intrinsic limitations of the building blocks but also provide additional functionalities. For example, by incorporating metal nanoparticles in polymeric matrices, delicate colloidal suspensions, which would normally destabilize upon introduction of salts, poor solvents or heat [27] [28] [29] , become robust advanced materials with the potential to revolutionize areas such as data storage, biochemical sensors and light-healable coatings.
In this Review, we discuss the integration of plasmonic nanoparticles within polymeric matrices, such as gels, hydrogels and solid polymer films, thereby leading to nanocomposite hybrids with unique features for the development of advanced technologies. We focus on hybrid materials in which the plasmonic properties of (metal) nanoparticles are responsible for enhanced performance. Among an increasing variety of applications, we focus on the use of plasmonic nanoparticles in optical data storage systems, sensing and imaging, as well as applications arising from the efficient transduction of light into heat. These applications share common principles that can be exported to other technologies.
Optical data storage
The technological shift in the past three decades from analogue to digital has led to an exponential growth in the generation of data. One company, Seagate, estimates that, globally, 163 ZB (zettabytes; 1.63 × 10 23 bytes) of data will be generated in 2025 compared with 16.1 zettabytes in 2016. Therefore, the need for new data storage solutions is obvious. Although advances have been made in magnetic and solid-state data storage devices, we focus on the use of a less-explored technology -optical data storage with embedded plasmonic nanoparticles.
The spectral tunability and chemical stability of plasmonic nanostructures render them promising candidates for optical data storage systems, which can overcome the diffraction limit of conventional optical systems owing to their small size, and size-dependent and shape-dependent resonances. Two approaches have been developed to use plasmonic nanoparticles for data storage within polymer gels: reversible assemblydisassembly and the selective reshaping and positioning of plasmonic nanoparticles. The first approach may lead to self-erasable information, and the second approach enhances the lifetime of data storage owing to the high photostability of metal nanoparticles. In the following sections, we discuss these two approaches.
Self-erasable and rewritable hydrogels. The dispersion of functionalized plasmonic nanoparticles within a polymeric gel enables their reversible, guided assembly upon application of an external stimulus, such as pH, light or ionic strength (Fig. 2) . If such an external stimulus is applied in a spatially controlled manner, it is possible to imprint images or data that eventually disappear after a certain time 30, 31 . Nanoparticle assembly leads to electrodynamic coupling between the nanoparticles, which alters the LSPR wavelength and, therefore, the colour of the composite. The potential impact of this approach is evident from the widely publicized innovation of photochromic paper by Xerox in 2008 (reF. Inspired by this self-erasable photochromic paper, a method has been proposed involving the self-assembly of functionalized nanoparticles in a gel film 30 (Fig. 2a) .
More specifically, this method relies on the surface functionalization of Au and Ag nanoparticles with responsive molecules. These functionalized nanoparticles are embedded in organogel or hydrogel films, and once in place, the nanoparticles self-assemble in a reversible manner upon exposure to external stimuli, such as light or pH 30 . Using this method, it is possible to make rewritable nanoparticle inks that can be written or erased with either pH or light 31 . The pH-sensitive micropatterns required the surface functionalization of the metal nanoparticles with ligands of suitable pK a , such as 11-mercaptoundecanoic acid, which were dispersed in a Nature reviews | MAtERiALS hydrogel thin film. Stamping with an acidified agarose gel template caused a local decrease in pH, thus lowering the electrostatic repulsion between nanoparticles and leading to their assembly through van der Waals interactions. Interestingly, the stamping procedure resolved features down to tens of micrometres, and the degree of colouration was dependent on the pH in the stamped region. The acid-based stamping could be erased by exposing the films to a solution of a base, which caused deprotonation of the surface ligands, increasing the www.nature.com/natrevmats Reversible self-assembly of nanoparticles within hydrogels. a | Schematic representation of self-erasable and rewritable hydrogels based on the self-assembly of nanoparticles upon excitation with an external stimulus. b | Lightcontrolled self-assembly of photoactive nanoparticles. Upon exposure to UV light, the trans-azobenzene groups stabilizing the nanoparticles isomerize to cis-azobenzene, leading to the formation of metastable aggregates. The cis isomer reverts to the trans form spontaneously , upon irradiation with visible light or by heating. c | Schematic representation showing light-induced image creation using photoresponsive nanoparticles and a series of photographs depicting the image disappearing as a consequence of nanoparticle disassembly. d | Light-controlled self-assembly of non-photoresponsive nanoparticles. Upon exposure to blue light, a photoswitchable medium containing merocyanine increases the local acidity in the medium, which consequently triggers the disassembly of nanoparticles functionalized by carboxylic groups and held together by hydrogen bonding. In the dark or under ambient conditions, a decrease in the acidity of the medium leads to spontaneous reassembly of the nanoparticles. e | Schematic representation showing light-induced image creation using non-photoresponsive nanoparticles and a series of photographs depicting the image disappearing as a consequence of nanoparticle disassembly. MCH + , protonated merocyanine; MUA , 11-mercaptoundecanoic acid; SP, spiropyran. Panels a-c are adapted with permission from reF.
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electrostatic repulsion between the nanoparticles and allowing them to redisperse.
Alternatively, if the metal nanoparticles are functionalized with photoresponsive ligands, light can be used to record images through a lithographic mask 33 . This has been demonstrated by the surface modification of Au and Ag nanoparticles with azobenzene-terminated thiols, which led to their reversible aggregation upon excitation with UV light. The initial trans-azobenzene-functionalized nanoparticle surface underwent photoisomerization to the cis-azobenzene form with a larger dipole moment. This, in turn, increased the magnitude of the interparticle interactions to the point that they became comparable to the thermal energy of the nanoparticle, thus mediating light-induced aggregation 33 . The extent of aggregation and, consequently, the perceived colour depended on the duration of the light irradiation. Moreover, the spontaneous cis-trans isomerization in the absence of UV light led to a loss of dipole-dipole interactions and favoured disassembly of the aggregates as a result of thermal fluctuations (Fig. 2b,c) . Again, the smallest features that could be resolved in the films were on the order of ten micrometres.
A two-step system has been reported in which a hydrogel exposed to light induces a local pH change, causing pH-sensitive metallic nanoparticles to disassemble. This was achieved by embedding a merocyanine dye into a polyethylene glycol (PEG)-methyl ether acrylate hydrogel doped with Au nanoparticles. The protonated form of merocyanine can be excited with light through a mask, which, upon photoisomerization, transforms into a spiropyran and releases H + , thus locally decreasing the pH of the hydrogel. The image could then be recorded by pH-sensitive Au nanoparticles, which, once in an acidic environment, dispersed to give a strong red colour 31 . Once the irradiation ceased, the metastable nanoparticles aggregated spontaneously owing to the pH increase as the spiropyran returned to the closed form, thus erasing the image (Fig. 2d,e) . No deterioration of the system was reported even after 100 write-erase cycles.
The spatial resolution of features in these approaches is lower than that of conventional optical disc systems. Therefore, research into how to increase the data storage density via assembly-disassembly processes is needed. In addition, the advantages of multiplexing different spectral responses of discrete versus assembled plasmonic nanoparticles of varying shapes, sizes and materials are yet to be realized. Nevertheless, the ability to write and erase data over multiple cycles, as well as record information that is erased after specific time intervals, is a promising technology for recording time-sensitive information.
Optical data recording. An alternative to recording information by the assembly of plasmonic nanoparticles is by tailoring their individual optical properties. The shape, orientation, size and local environment can all affect the absorption and scattering spectra of metal nanoparticles, which can be used to encode data. This methodology was first reported using Ag nanostructures on an indium tin oxide-coated substrate 34 .
Three arrangements of metal nanoparticles exhibiting unique scattering spectra were deposited on the substrate and used for optical data storage by encoding three distinct spatial configurations with distinguishable spectral features: a single vertical nanorod, two horizontal coupled nanorods and three nanorods in a U shape. The scattering spectra from the three arrangements were read in the far-field via conventional microscopy. In this configuration, four states could be measured at each location in the array, thus creating a storage system with far higher information density than a conventional binary one. Although attractive as a write-once-read-many storage medium, the use of electron-beam lithography for nanostructure fabrication renders it cost-prohibitive. A more scalable approach would involve preparing plasmonic nanoparticles by conventional solution-phase protocols and embedding them in a medium. The challenge then becomes to deterministically alter the optical properties of the nanoparticles to enable data recording.
In the late 1990s, it was established that plasmonic nanoparticles can fragment upon irradiation with intense short pulses of laser light 35 . This occurs via excitation of the LSPR. The initial hot-electron population equilibrates by electron-electron scattering to form a hot-electron distribution 36 . This distribution then transfers energy to the lattice via electron-phonon coupling, leading to explosive nanoparticle heating, followed by fragmentation. At more moderate laser intensities, Au nanorods can also be photothermally reshaped through atomic surface diffusion 37 . The thermal stability of metal nanorods decreases with increasing aspect ratio owing to their higher surface curvature and, hence, lower surface atom coordination 38 . Importantly, this reshaping mostly occurs when the laser polarization matches that of the lower-energy, longitudinal plasmon mode (Fig. 3a) . Thus, although thermal instability is a problem for some applications, it can be exploited for data storage by selectively reshaping nanorods into spheres and reading this through changes in the absorption or scattering. The spatial resolution and, hence, the data storage density are thus dependent on the distribution of metal nanoparticles within the matrix.
In the first examples of polarization-dependent reshaping in polymer composites, Ag and Au nanorods were embedded in polyvinyl alcohol (PVA) to form plasmonic polymer films. These films were stretched to align the embedded nanoparticles, and pulsed laser irradiation was used to induce reshaping or fragmentation of the plasmonic nanoparticles into lower aspect ratio rods or even into spheres 39, 40 . This was extended to five-dimensional optical data storage by embedding Au nanorods in thin films of PVA sandwiched between thick spacers 41 ( Fig. 3b) . The nanorods were reshaped with a pulsed laser to record data in 3D, with different wavelengths corresponding to nanorods of different final aspect ratios. In this case, the nanorods were randomly oriented and presented a flat and broad extinction spectrum. This is similar to spectral hole burning, as demonstrated with Au nanorods in suspension 42 . Reading the individual bits, multiplexed with wavelength and polarization, could be achieved via two-photon luminescence, leading to a predicted storage capacity of 1.6 TB per DVD-sized disc. However, readout from deeper layers was limited by the extinction of light from the Au nanorods in the upper layers. This can be overcome by detuning the resonance of each layer from the others by nanorod alignment in each layer [43] [44] [45] ( Fig. 3c) or by slight variations in the readout wavelength 46 . Another dimension can be added by inclusion of circular polarization or detection of orbital angular momentum to further increase the storage capacity 47, 48 . Optical discs, owing to the diffraction limit, have an upper limit of around 25 GB per disc. Currently, several technologies are being pursued to increase this upper limit. One such technology uses laser light confined by surface plasmon polaritons to heat a small magnetic area, which assists with locally flipping magnetic moments of strongly magnetic materials to record data in small magnetic domains, promising area densities of >1 Tb in −2 (reFs 2, 49 ). However, data integrity would be compromised upon decreasing the size of the magnetic domains, further placing an upper limit on the area density. Additionally, the lifetime of data stored on surface plasmon polariton-based magnetic hard-disk drives is only approximately 2-5 years. Recording data optically with the full spectral response of plasmonic nanoparticles offers a solution that can multiplex individual digits with high spatial density and ensure long-term stability, recently estimated at up to 650 years 50 . It was predicted that one nanophotonic optical disc could replace a petabyte data centre of approximately 100 × 60 m 2 in size while using substantially less energy 51 .
A challenge with data stored in the position and optical properties of plasmonic nanoparticles is the rapid readability of data in the far-field. Super-resolution and super-localization microscopies have been developed to overcome the diffraction limit for plasmonic nanoparticles of conventional optics through wavelength modulation, photothermal imaging or plasmon saturation strategies [52] [53] [54] . Steps towards miniaturization and lowering computational cost would help to develop these detection strategies for rapid-throughput reading of data stored in plasmonic nanoparticle arrays.
A second challenge is the fabrication of the arrays. There are three methods to disperse plasmonic particles into ordered 2D polymer matrices for plasmonic polymer nanocomposite-based data storage (Fig. 4) . In each case, nanocavities are generated in a polymer matrix using electron-beam lithography. The question then is how to deposit a single plasmonic nanoparticle as a transduction element (or storage bit) into each cavity or well.
To place single nanoparticles, the electrophoretic force experienced by a charged colloidal particle when placed between two electrodes can be exploited (Fig. 4a,b) . If the electrode is coated with a patterned polymeric di electric, the electric field can direct nanoparticles into the cavities 55 . The rapid assembly and wide material compatibility render this a promising tool to fabricate arrays of nanoparticles in polymer films at the centimetre and potentially metre scale. Alternatively, chemical patterns on inorganic or polymeric substrates can be used to adsorb nanoparticles from suspension 56 ( Fig. 4c,d ). This relies on a combination of electrostatic www.nature.com/natrevmats attraction between the nanoparticle and the patterned surface and short-ranged chemical interactions to ensure strong binding upon contact. Although the patterns can be generated by a wide variety of scalable methods, such as silanization, microcontact printing 57 or block-copolymer phase separation 58 , tuning the surface chemistry of the substrate and nanoparticle is not straightforward. Furthermore, particle motion is a consequence of diffusion alone, which is extremely slow over macroscopic distances. A third method for positioning single nanoparticles in polymer films is termed capillary force assembly (Fig. 4e,f) . In this method, a nanoparticle suspension is drawn over a patterned substrate, and individual nanoparticles are drawn into the cavities at the receding contact line 59, 60 . The convective and capillary forces involved are material-independent, and the assembly of a variety of shapes has been demonstrated. However, environmental parameters (such as temperature, humidity and dust) need to be accurately controlled to enable the reproduction of lithographic patterns with high fidelity 61 . These three techniqueselectrophoretic deposition, chemical assembly and capillary force assembly -enable single nanoparticles to be placed into pre-patterned polymer films to generate nanocomposite materials ideally suited to high-density data storage. Combined with nanoimprint lithography, Nature reviews | MAtERiALS it is now possible to use plasmonic nanoparticles embedded in polymer films to record data beyond the millimetre scale of surface assembly techniques.
The systems for optical data storage described above overcome the classical Abbe diffraction limit for data recording by having multidimensional digits with subwavelength spacing. Alternatively, data can be recorded as holograms in 2D or 3D materials with plasmonic nanoparticles, whereby spatial information concerning the phase of the incident light field needs to be replicated by the precise positioning of nanoparticles 63 . Although classical nanofabrication methods can be used for 2D arrays 64 (for example, plasmonic nanohole arrays can be used to record seven-colour meta-holograms 65 ), another approach is needed for 3D platforms. Inspiration can be drawn from the widely applied positioning of nanoparticles using radiation gradients or optical tweezers. In an electromagnetic field, dielectric particles experience a force that pushes them to regions of high or low field intensities, depending on the relative refractive index of the medium and the particle. For plasmonic nanoparticles, this force depends on the LSPR and dielectric environment and can even be enhanced relative to similarly sized dielectric nanoparticles 66, 67 . Given that holograms are recorded from the interference pattern of a reference beam in the wavefront of an object, this interference pattern can also induce the migration of plasmonic nanoparticles owing to the optical-frequency electric field gradient between regions of high and low intensity. This process is similar to the trapping of plasmonic nanoparticles in optical tweezers, but in this case, the interference patterns align the nanoparticles into specific arrays. For example, Ag nanoparticles formed in a poly(2-hydroxyethyl methacrylate-co-methacrylic acid) hydrogel were shown to ablate from approximately 75 to 20 nm with 5 ns, 350 mJ laser pulses at 532 nm and subsequently migrate to form arrays that reconstructed a hologram in the far-field upon illumination 68 . The arrays could be erased and recorded over many cycles, thus demonstrating reversible optical data storage in 3D with plasmonic nanoparticles.
Plasmonic nanoparticles not only scatter light efficiently but also absorb photons and convert them to heat. This phenomenon is exploited in the hologram-forming Ag nanoparticle system 68 but at lower laser intensities, where no ablation occurs. In this regime, light absorption by the nanoparticles locally heats a viscoelastic hydrogel (poly(2-hydroxyethyl methacrylate)), thus lowering the complex shear modulus and allowing the migration of nanoparticles under optical forces alone 69 . Again, this nanoparticle migration mirrors the interference pattern caused by the reflection of light by the object, and hence a hologram is generated. In addition, this photothermal sensitivity means that only those nanoparticles that are resonant with the incident laser light absorb strongly enough to migrate and induce hologram formation, thus opening up the potential for multiplexed, volumetric data storage.
The advantages of storing data in the spectral response of plasmonic polymer nanocomposites are well documented. However, to translate these technologies into commercial products, the batch synthesis of plasmonic nanoparticles and their inclusion in materials to form nanocomposites must be scaled up. Developments in continuous flow synthesis will aid in the reproducible and controlled production of nanoparticles, while we predict that scalable nanofabrication processes for template preparation and nanoparticle assembly will be fundamental to advancing the field. In addition, little consideration has been given to the write or readout speeds, or the error rates. Increasing the speeds for optical readout, in either the far-field or near-field, of regular arrangements of plasmonic nanoparticles will aid in this endeavour. We foresee that advances in lithographic techniques combined with new materials will increase the resolution of data stored in self-erasable and rewritable systems.
Sensing and imaging
The use of plasmonic gels or hydrogels for sensing and imaging generally involves two approaches: exploitation of the sensitivity of the surface plasmon mode towards changes in the immediate nanoparticle environment (that is, LSPR sensing) or the label-free detection of an analyte of interest by means of SERS spectroscopy.
LSPR sensing. Excitation of an LSPR mode leads to an enhancement in the electric near-field strength. Note that this near-field is oscillating at optical frequencies. The enhancement is strongest for nanoparticles with asperities or sharp tips, such as rods, pyramids and triangular prisms. The near-field has a relatively short decay length, which means that LSPR spectroscopy can be used to probe the molecular environment close to a nanoparticle. However, a significant shift in the refractive index of the immediate environment requires the adsorption of a large macromolecule onto the surface of a plasmonic nanoparticle 70 . Therefore, the limit of detection (LOD), which is the lowest detectable amount of an analyte relative to a negative control measurement, for small molecules is quite high, and strategies are needed to improve the LOD for LSPR sensors.
Within the field of nanoparticle-polymer nanocomposites, two approaches are typically used for LSPR sensing. In the first approach, an analyte or external stimulus induces a change in conformation -and refractive index -in a polymer film, which is detectable by a shift in the LSPR peak position or intensity. The LSPR shift follows
where λ is the observed plasmon peak wavelength, λ p is the bulk plasma wavelength of the metal, L is a shape factor (0 < L < 1) and ε m is the dielectric constant of the solvent at optical wavelengths. This equation predicts that the plasmon peak wavelength will shift as the solvent dielectric constant changes and that the sensitivity is related to the particle shape through L. How this relates to the binding of the analyte has been discussed by Haes and van Duyne 71 . In the second approach, the
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LSPRs of plasmonic nanoparticles are coupled either to each other or to a substrate, and upon analyte recognition, the polymer changes conformation, inducing the separation of nanoparticles or increasing the separation from the substrate, leading to associated changes in the LSPR spectrum 72, 73 . Au nanorods, nanocrescents and nanowells, which have a particularly sharp LSPR with low damping, have been widely used in sensing applications 74 . Remarkably, by monitoring one slightly off-resonance wavelength alone, it is possible to count fewer than 110 electrons injected into a single Au nanorod 75 . Embedding these Au nanorods in waveguiding polyacrylamide nanofibres has also enabled the readout of humidity levels through refractive index shifts as a consequence of polymer swelling and deswelling, with a shift of 0.19 nm per unit change in relative humidity 76 . The most sensitive refractive index-based sensors have very sharp nanoscale features, leading to high local field enhancements. For example, an array of Au nanocrescents allowed sensing of pH shifts through changes in the refractive index of a 150 nm-thick polyhydroxyethylmethacrylate (pHEMA) hydrogel, with a sensitivity of 332 nm per refractive index unit (RIU), still well short of the theoretical limit of 880 nm per RIU (reFs 77, 78 ). To put this in context, the LSPR shift upon adsorption of a single protein to a Au nanorod was found to be 0.5 nm for streptavidin (53 kDa), 1.2 nm for antibiotin (150 kDa) and 1.6 nm for streptavidin-R-phycoerythrin (300 kDa) -approximately 1% of the plasmon linewidth. These small shifts highlight the need for sensors in which the presence of a target analyte induces a large change in the local dielectric environment and the sensing volume overlaps with areas of high electromagnetic field confinement 79 . One challenge for hydrogel LSPR sensors is achieving high sensitivity, because shifts in the refractive index are induced by any analyte that is adsorbed. The selectivity can be improved by introducing functionality to the hydrogel. For example, the use of boronic acid in pHEMA hydrogels ensures that swelling primarily occurs when 1,2-cis-diols, such as glucose, are present 80 . The concentration of glucose then controls the ratio of water to polymer in the gel, transduced by the change in resonance wavelength of an array of plasmonic nanoantennas on the underlying substrate (Fig. 5a,b) . Alternatively, plasmonic nanoparticles can be dispersed throughout the hydrogel as a diffractive array. Upon analyte binding, the hydrogel swells and changes the separation between scattering nanoparticles. The resulting change in the diffraction peak causes a colour change 81 ( Fig. 5c,d ). These systems are remarkably robust with little hysteresis; a phenylboronic acid-containing hydrogel with a diffractive array of Ag nanoparticles was reported to sense glucose over more than 400 cycles 82 . Such reporting of hysteresis is rare for LSPR hydrogel sensors, and thus comparison between the robustness of various reported systems is challenging. It is, however, evident that hydrogels containing specific chemical recognition sites for target analytes will likely have a higher degree of specificity than those that alter their refractive index in response to environmental changes, such as temperature, humidity or pH. Care should be taken that analytes, such as thiolated compounds, do not bind irreversibly to the surface of the plasmonic nanoparticles, thereby inducing permanent LSPR shifts, which would lower both the specificity and the sensitivity of the sensor.
In contrast to the diffractive array approach, plasmonic nanoparticles can be embedded at higher concentrations in polymer films such that there is significant interparticle coupling of the LSPR modes. An example of this is the pH-induced deswelling of a poly(methacrylic acid) hydrogel containing embedded Au nanorods, which results in a red-to-blue colour change as the nanorods are assembled side by side upon hydrogel deswelling as a result of a change in pH 83 . Films of poly(allylamine hydrochloride) and poly(styrene sulfonate) fabricated using the layer-by-layer method also undergo pH-induced shape changes, with subsequent shifts in the LSPR of embedded Au nanoparticles. Ag nanoparticles, like Au nanoparticles, undergo a shift in their scattering and absorption spectra upon changes in the interparticle separation, enabling their use as the transduction element in glucose-sensitive hydrogels 84 . Rather than interparticle plasmon coupling or the selective oxidative etching of nanoparticles by analytes 85 , the LSPR of nanoparticles can be coupled to the underlying substrate -be it a plasmonic film, array or a photonic structure. If these nanoparticles are embedded in a stimuli-responsive polymer, the separation between the substrate and nanoparticles can be altered through analyte recognition 86 . This approach, among the others described above, is attractive because of the wide range of functionalities that can be included in the polymer film 87 . Molecularly imprinted polymers have been used to sense cholesterol 88 , and catalytic hydrogels have been used to sense glucose with high accuracy 89 . The high sensitivity of the LSPR of plasmonic nanoparticles to changes in their local environment has been well established over the past decade, leading to the detection of single-molecule binding events in real time. In addition, various systems in which the nanoparticles are coupled to each other or to substrates have been described. Nevertheless, specificity remains a major challenge when relying solely on shifts in the refractive index of a supporting polymer film. In these cases, the design of polymers with molecular recognition functionality must be optimized to ensure that the presence of analytes induces large physicochemical changes in the polymer. LSPR sensors should be routinely tested for hysteresis and robustness against competitive binding events.
SERS-based sensing and imaging.
The excitation of LSPRs can also be exploited during Raman scattering from molecules adsorbed on nanostructured metal surfaces, termed SERS spectroscopy 90, 91 . Because each probe molecule presents a unique vibrational spectral fingerprint, SERS spectroscopy has been applied non-invasively for label-free detection 18, [92] [93] [94] . The intensity of the SERS signal depends on both the density of near-field hot spots on the substrate and the physical access of the analyte to the metal surface 95 . This steric requirement poses a challenge in complex biological environments. To address this, various hybrid materials have been proposed that comprise a plasmonic material homogeneously distributed within a porous matrix, which allows egress of smaller molecules but acts as a filter for larger macromolecules.
Hydrogels with a variety of compositions can be engineered, depending on the desired application. For example, agarose hydrogels doped with Ag nanoparticles collapse upon drying, and rehydration of the gel causes the formation of dynamic hot spots, while the hydrogel pores act as physical molecular traps 96, 97 . This study also demonstrated reversible sequestering properties when the gel was washed. In another system, Au nanorods were incorporated into poly(N-isopropylacrylamide) (pNIPAM) hydrogels through in situ synthesis or by doping with presynthesized nanoparticles 98, 99 . These plasmonic substrates are cell-compatible, and their highly porous structure allows relatively unhindered small-molecule and nutrient diffusivity. For example, label-free plasmonic detection and imaging of quorum sensing in live biofilm communities of the bacterium Pseudomonas aeruginosa have been reported in liquid culture 99 . The plasmonic hydrogel allows the selective in situ surface-enhanced resonance Raman scattering (SERRS) detection and imaging of pyocyanin -a heterocyclic nitrogen-containing compound of the phenazine family, the production of which is strictly controlled by quorum sensing -in biofilms of P. aeruginosa with low interferences from the biofilm matrix (Fig. 6a,b) . The porous structure of the hydrogel allows horizontal and vertical diffusion of pyocyanin as far as 2 mm from the biofilm edge (Fig. 6c,d) . Unfortunately, the biofilm growth on liquid culture together with the high diffusivity of the pNIPAM platform hindered the spatial resolution of the analysis of pyocyanin over the bacterial population. Alternatively, agar-based hybrid plasmonic substrates consisting of multilayered thin films of Au nanoparticles, ensuring the presence of a large number of hot spots, covered by a thin layer of agar culture medium have been developed 100 . Agar is a standard support matrix for growing bacteria on solid culture medium, precisely because its macroporous structure allows the diffusion and exchange of nutrients and metabolites within microbial populations. This configuration of the plasmonic hydrogels allows the precise positioning of microbial colonies and ready identification of confrontation zones. In addition, the gelled state of agar restricts its horizontal diffusivity characteristics compared with pNIPAM, giving rise to a spatiotemporal distribution of the analytes (Fig. 6e,f) . Specifically, the Au@agar substrates have been used for in situ detection of violacein and pyocyanin produced by bacterial colonies of Chromobacterium violaceum and P. aeruginosa, as a result of quorum sensing communication 100 ( Fig. 6g,h ). Please note that the 785 nm laser line is resonant for pyocyanin but not for violacein and therefore SERRS and SERS are recorded, respectively.
Photothermal applications
The highly efficient conversion of light into heat by plasmonic nanoparticles opens up a myriad of applications when combined with temperature-responsive (hydro) gels. We focus here on three applications of hybrid photothermal materials: photothermal therapy, photothermally reprogrammable systems and light-triggered healing materials.
Photothermal therapy. The integration of Au nanoparticles in light-triggered responsive matrices can create sense-and-treat biomedical systems. For example, a NIR light-responsive hydrogel platform has been fabricated to capture and release individual circulating tumour cells (CTCs) from the whole blood of patients with cancer 101 (Fig. 7) . The platform is composed of imprinted spheroidal target cancer cells on thermosensitive, Au nanorod-embedded gelatin hydrogels. The imprints form microstructures and nanostructures, which considerably enhance the capture efficiency of the CTCs after modification with anti-epithelial cell adhesion molecule (anti-EpCAM) receptors. This hydrogel platform showed better efficiency than the CELLSEARCH assay (that is, the only clinically validated US Food and Drug Administration (FDA)-cleared blood test for enumerating CTCs, which is based on magnetic nanoparticles functionalized with specific antibodies to magnetically separate CTCs from other cells in the blood). After capturing the CTCs, these cells were selectively released, while conserving their viability, proliferation ability and genetic mutations, through the excitation of the embedded Au nanorods with a 980 nm laser. The photothermal effect locally melted the gelatin, thereby decreasing the adhesion of the capture cells to the substrate and collapsing the cell imprint. Isolation of single CTCs from patients, while very challenging, is a laudable goal that may accelerate the introduction of personalized antitumour therapies.
A hydrogel of another naturally occurring protein, collagen, has been combined with Au nanoparticles to create an injectable biomaterial for combinatorial antitumour photothermal and photodynamic therapy 102 . The in situ-prepared Au nanoparticles not only enhance the collagen thermal stability but also modulate the mechanical properties of the resulting hydrogel. The interactions between Au nanoparticles and collagen chains are rather weak, which endows the hybrid hydrogels with shear-thinning and self-healing functions, rendering them suitable injectable materials for combinatorial anticancer therapy. After demonstrating the excellent performance for localized delivery and sustained release of a model photosensitizer drug (meso-tetra(N-methyl-4-pyridyl) porphine tetrachloride, TMPyP) upon intratumoural injection, the photodynamic therapy was combined with photothermal therapy. This combination was possible because of the presence of Au nanoparticles within the collagen hydrogel. This combinatorial treatment increased the antitumour efficacy without affecting the primary organs, thereby highlighting the synergistic benefits of combining the photothermal properties of plasmonic hydrogels with conventional photodynamic therapies. The limitation of this work is the in situ synthesis of the plasmonic nanoparticles, which requires the use of a 635 nm laser line for tumour treatment.
Although reports in the field clearly show the potential of plasmonic polymer nanocomposites in biomedicine, most studies fail in optimizing the size, shape and concentration of nanoparticles embedded within the polymer. This optimization is required to achieve the best performance and will contribute to the development of softer treatments (for example, by reducing laser irradiation time and power).
Photothermally reprogrammable systems. An unusual behaviour in plasmonic gels has been observed upon inclusion of nanoparticles in materials that can elastically deform into temporary shapes upon the application of heat. This ability is known as a shapereprogrammable or shape-memory effect. For example, thermoresponsive hydrogels show remarkable changes in their dimensions with temperature. Among the commonly used thermoresponsive hydrogels, pNIPAM is attractive because it exhibits a sharp phase transition and large swelling ratio 103 . This response, together with its hydrophilic and soft nature, makes it an ideal material for soft actuators and tissue engineering. Moreover, the inclusion of other materials, such as Au nanoparticles, in thermoresponsive hydrogels produces hybrids with novel or enhanced shape-morphing properties.
One of the first reports 104 , from 2005, was related to the fabrication of valves using hydrogels of poly (NIPAM-coacrylamide) doped with Au nanospheres or nanoshells. Different nanoparticle shapes responded to different wavelengths (532 and 832 nm, respectively), which allowed independent control of two valves in a microfluidic device by simply modulating the irradiation wavelength. Whereas illumination with 532 nm light selectively opened the valve containing nanospheres, irradiation with 832 nm light selectively opened the valve containing nanoshells. Using a similar technology, a planar microactuator with remote control was developed by directly connecting a plastic optical fibre to a micropatterned pNIPAM-based bilayer hydrogel doped with Au nanoparticles 105 (Fig. 8a) .
Studies have also shown that Au nanoparticles embedded in pNIPAM hydrogels can induce, under patterned swelling and illumination, on-demand programmable and reversible shape transformations, paving the way towards dynamic materials 8, 106 . Nanocomposite hydrogel sheets with arbitrary and photothermally www.nature.com/natrevmats reprogrammable deformation patterns have been fabricated by integrating 4 nm Au nanoparticles within poly(NIPAM-co-acrylic acid derivative) hydrogels 107 . The localized, photothermally induced deswelling of the hydrogel resulted in the generation of 3D shapes that depended on the patterns of light projected onto the hydrogel thin film. In addition, the directed motion of the hydrogel was achieved by repeatedly sweeping a strip of light across the sheet. By contrast, a strategy has been devised based on grafting two types of Au absorbers (nanospheres and nanoshells, with LSPRs at 546 and 785 nm, respectively) with pNIPAM in a layer-bylayer fashion, resulting in a soft, layered material with light-controlled anisotropic swelling and programmable shape changes 108 . The localization of the two types of Au nanoparticle in different strata of the composite gave rise to different deswelling patterns upon irradiation with either 546 or 785 nm light, leading to different shapes (Fig. 8b) .
We expect these material properties to be used in robotics and biomedicine, which will spur rapid growth in these fields. Photoresponsive 2D hybrid platforms have been reported for cell culture uses 13 . The platform consists of a polymeric array of microplate actuators embedded within a pNIPAM hydrogel matrix doped with Au nanorods 13 (Fig. 8c) . The presence of the plasmonic nanoparticles allows remote control of the actuation and deformation of the cell growth microstructure array with microscale spatial resolution and fast response times. Taking into account that cells can Nature reviews | MAtERiALS specifically attach to the microstructures, this strategy provided a method to manipulate cells on demand, in terms of morphology, position or alignment, as required by each application (Fig. 8c) .
Despite recent progress, the fabrication of photothermally reprogrammable actuators with well-defined temporal and spatial control remains challenging. Scientists need to work on the development of devices with fast response times and programmable multiple actuation in time, in space and with external stimuli.
Light-triggered healing materials. Self-healable or stimuli-healable hydrogels (in particular, light-healable hydrogels) are smart materials of scientific and industrial interest. However, few studies have reported healing based on the localized photothermal effect induced by plasmonic nanoparticles, and these examples have used either external heating 109 or supramolecular polymers with labile linkages 110 . In one study, Au nanoparticles were incorporated in hydrogels synthesized by free radical copolymerization of stearyl acrylate, N,N-dimethylacrylamide and N,N-methylenebisacrylamide 111 . The presence of hydrophobic crosslinks between alkyl (stearyl acrylate) side chains in the hydrogel enabled healing activated by light of a wavelength around the LSPR of Au. Thus, after imposing a cut-through crack in a hydrogel film, localized irradiation with a 532 nm diode laser induced healing of the defect. The heat released by the nanoparticles induced a melting transition and subsequently the inter-diffusion of alkyl side chains into the damaged region. Upon ceasing irradiation, the meltingcrystallization phase transition of the alkyl side chains occurred, resulting in efficient hydrogel healing with enhanced tensile strength. This system also exhibited a photothermally controllable shape-memory effect based on the melting-crystallization mechanism. A similar system based on the use of chemically crosslinked crystalline polyethylene oxide to fabricate light-controlled shape-memory and optical-healing hydrogels has also been reported 112 . An alternative route, based on the principles of dynamic covalent chemistry, used the heat generated by Au nanoparticles upon absorption of 532 nm laser light to heal cracks in films containing ester crosslinkages 113 . The films were formed by the reaction of an epoxidized oil with citric acid, thus generating both ester and hydroxyl functionalities. Upon photothermal heating, transesterification with the β-hydroxyester groups occurred at the site of damage, resulting in crack . b | Confocal microscopy images of wavelength-selective shape changes in cubes formed by stratified assemblies of polymer-grafted Au nanoparticles and nanoshells upon irradiation at 546 and 785 nm for 20 minutes. c | Scheme of cell manipulation by light-triggered actuation of the responsive hydrogel (left) and images of a cell micromanipulation experiment with epifluorescence images of the cells on the left and reflected brightfield images of the microstructures on the right (right). After 3 seconds of irradiation (laser focused at the centre of the dashed circle), the hydrogel contracts, inducing movement of the microstructures and, subsequently , the shape change of the cell located in the irradiation zone (the cell on the right). Images correspond to two cells before and after laser irradiation (Light OFF and Light ON) (scale bars = 10 μm) The microstructures at the beginning of the experiment and after 3 seconds are indicated by dashed lines, and the elongation of the cell from 9 μm to 13 μm is indicated by the arrows. The blue bars in the brightfield images indicate the microstructure tips, and reveal the change in the distance separating the tips of adjacent microstructures after the hydrogel contracts. Panel a is adapted with permission from reF.
healing and partial recovery of the mechanical properties. However, very high laser intensities were needed because of the inhomogeneous nanoparticle distribution and inefficient transesterification reaction, indicating that further work is needed to generate high-quality healable plasmonic nanoparticle gels.
Conclusion and outlook
In this Review, we have focused on applications of plasmonic nanocomposite gels. Compared with other organic or magnetic systems, plasmonic nanoparticles offer numerous advantages, such as great photostability, tunable light absorption and scattering, concentration of electromagnetic fields and efficient photothermal conversion.
Optical data storage. An advantage of controlling the dimension, location and orientation of plasmonic nanoparticles is the potential increase in the density of data storage. However, the systems we have described either rely on the use of top-down lithographic tools or waste a large amount of material through spectral hole burning. Scalable bottom-up assembly in 3D of layers of aligned plasmonic nanorods would greatly improve their use in optical data storage. In addition, improvements in the synthesis of Au nanoparticles are still possible. For example, it was recently shown that a colloid of polydisperse Au nanorods could be thermally reshaped by femtosecond laser pulses, leading to 'perfect' Au nanorods 114 , which could improve the writing resolution within plasmonic nanocomposites. In addition, controlling the nanostructure alignment to form chiral layers will improve the signal-to-noise readout from deeper layers. Moreover, production and scalability are challenging: how can we produce the data storage platforms described in this Review on larger scales? Another challenge is reversibility, as data recording through photoinduced reshaping of plasmonic nanoparticles is an irreversible process that produces read-only memory.
Sensing and imaging. As surface plasmon resonance sensors have shown over the past decades, sensitivity is rarely a problem for the detection of molecules upon binding to a plasmonic surface. However, the specificity of LSPR sensors can be a problem because shifts in wavelength are solely due to changes in refractive index. This drawback could be overcome by engineering polymer gels with refractive indices that are responsive to only specific analytes, as shown in the case of phenylboronic acid hydrogels. Alternatively, control over the environmental refractive index via an electrochromic conjugated polymer upon an applied electrical potential could provide active LSPR control over a wide spectral range, according to the plasmonic sensing needs 95 . In addition, the incorporation of plasmonic nanoparticles into hydrogels with highly ordered structures is appealing because these hybrid composites could lead to compositions and shapes that generate anisotropic characteristics 115 . Another interesting field to be explored is their incorporation into low-molecular-weight gels or supramolecular gels 116 , which, through the assembly of small molecules into a network, could lead to new and responsive systems.
Photothermal applications. The incorporation of plasmonic nanoparticles as triggers in stimuli-responsive hydrogels has not only enabled new levels of material responsiveness and functionality but will also open avenues to be explored in the field of soft robotics, biomimetic systems and biomedical applications. The design and fabrication of more sophisticated plasmon-controlled hydrogel hybrids will help to achieve faster response speeds (by selecting appropriate materials) and tight control of the spatiotemporal response (by combining different plasmonic nanoparticles) with the possibility of multiple actuation steps or enhancement of the mechanical properties of hydrogels to meet the intricate demands of future applications.
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